Introduction
reported that 69% of all calf deaths between birth and weaning occurred within the first 96 h after parturition and 64% of the losses were caused by dystocia. Bellows et al. (19711, Laster et al. (19731, Price and Wiltbank (1978) , and Meijering IMontana Agric. Exp. Sta. Journal Series no. 5-2778. Authors express appreciation for assistance to The American Angus Association, St. Joseph, MO for funding portions of this work; Select Sires, Inc., Plain City, OH in obtaining semen used; and Dept. of Anim. Sci., Brigham Young Univ., Provo, UT in all phases of collecting the slaughter data.
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J . Anim. Sci. 1993 Sci. . 71:714-723 (1984 concluded that calf birth weight was the most important factor affecting the incidence and severity of dystocia. Birth weight is the result of the genetic growth potential of the fetus responding to the maternal uterine environment throughout gestation. Modification of the maternal uterine environment by feeding excess or restricted energy, protein, or minerals in the diet of the pregnant dam has shown effects on birth weight but has had little effect on dystocia (Bellows, 1984) . Numerous studies have shown the importance of maternal uterine environment on fetal growth (Walton and Hammond, 1938; Joubert and Hammond, 1958; Donald et al., 1962; Pahnish et al., 1969; Gluckman and Liggins, 1984; Bellows et al., 1990) . Breed effects on birth weight have also been shown (Bailey and Moore, 1980; Cundiff et al., 1986; Reynolds et al., 1986) with general agreement that calves gestated in a Bos indicus maternal environment are lighter at birth than those gestated in Bos taurus (Dobson and Kamonpatana, 1986) . Bellows et al. ( 19 8 8) reported placental differences between F1 Bos taurus and F1 Bos indicus breeds. Ferrell (1991) found a lower uterine blood flow in Brahman than in Charolais dams.
The present study was conducted to determine paternal, maternal, and fetal genotype x maternal uterine-environmental interaction effects on fetal growth in crossbred cattle.
Materials and Methods
The study involved 46 primiparous, F1 heifers produced from mating Brahman ( B) , Charolais ( C) , The five breeds of F1 heifers were bred at approximately 15 mo of age to one of two Angus sires selected for divergent fetal growth based on birth weight EPD. The bull selected t o sire calves of moderate fetal growth ( M ) had a birth weight EPD (American Angus Association, 1992) of -1.1 kg with an accuracy (Beef Improvement Federation, 1990) of .83. The bull selected to sire calves of high fetal growth (HI had a birth weight EPD of 3.0 kg with an accuracy of .95. Breeding was by AI during a 60-d period. The study design and number of animals studied per subgroup are shown in Table 1 .
After the breeding season, heifers were held on range pasture until pregnancy evaluation in October. Pregnant heifers (number shown in Table 1 ) were continued on range forage supplemented with grassalfalfa hay and 1.4 kg of pelleted grain daily until January 26. On that date, pregnant heifers were placed in drylots and allowed ad libitum access to a diet of good-to excellent-quality alfalfa hay until slaughter, a period of approximately 30 d.
Four daily blood samples were obtained by puncture of a tail vessel starting 3 d immediately before the day of slaughter. All samples were obtained between 0730 and 0800, just before feeding. Samples were placed on ice immediately after collection, and serum was collected from the centrifuged samples and frozen for subsequent hormone analyses. Serum progesterone concentrations were determined by solidphase RIA using commercially available kits (Diagnostic Products, Los Angeles, CAI. The limit of sensitivity for the progesterone RIA was 40 pg/mL, and the intra-and interassay CV were 6.3 and 3.376, respectively, for a sample containing 15 ng/mL and 2.5 and 10.8%, respectively, for a sample containing 1 ng/ mL. Serum concentrations of estradiol-17P were determined in 100-pL samples by the RIA described by Kesler et al. (1977) and Caldwell et al. (1990) . Intraand interassay CV were 11.4 ( n = 10) and 21,1% ( n = 201, respectively, for a pool of serum from ovariectomized cows containing a known amount of estradiol (9.6 pg/mL). Serum testosterone concentrations were determined in 500-pL samples by the RIA described by Byerley et al. (1990) . Nonspecific binding and sensitivity for this assay were < 4% and 20 pg/mL, respectively. Intra-and interassay CV were 7 and 8.596, respectively. The pregnant heifers were slaughtered at Miles City or the Brigham Young University Meats Laboratory, Provo, UT. Animals slaughtered in Utah ( n = 40) were transported by truck in 1 d to Provo 3 wk before slaughter to allow recovery from any temporary effects due to transport or environment change. The remaining six animals were slaughtered in Miles City. Slaughter day was d 231 (range = 4 d ) of gestation. Data obtained before slaughter included body weight, a palpated body condition score (1 = thinnest; 10 = fattest; Bellows et al., 1982) , hip height, and pelvic height, width, and area.
At slaughter, detailed conceptus and carcass data were collected (Table 2) . Analyses of carcass traits and associations among dam and fetal traits will be presented in another paper. Collection procedures for most of the data have been described by Anthony et al. (1986b) and Bellows et al. (1990) . Specific gravity determinations were also made. Weights of intact and eviscerated fetuses and total placentome weights were obtained in air and then suspended and weighed in a large vat of tap water held at 19 to 21°C. Specific gravity values were calculated by the following formula: specific gravity = weight in air/(weight in air -weight in water). The assumption was made that the specific gravity of tap water was 1.000.
Statistical Analysis. Data were analyzed by the GLM procedure using SAS (1985) . Models used included breed of F1 dam for the precalving data and dam breed, sire growth potential, and calf sex for all conceptus traits. Hormone values were analyzed by split-plot analyses for repeated samples. All main effects and two-way interactions were tested for significance; higher-order interactions were considered random effects and included in the error term. Preliminary analyses were made to test effects of slaughter day. All differences were nonsignificant and were ignored in subsequent analyses. Significance of differences among dam breeds were evaluated by ttests.
Results and Discussion

Main Effects
Breed differences in preslaughter data (Table 3 ) were found for live weight, condition score, and pelvic height (all P < .01). Breed differences ( P < .05) were also found for preslaughter pelvic width and hip height. In general, B, C, and S dams were the heaviest and had the highest condition scores and greatest hip heights (mean comparisons, all P < .05). Pelvic height measurements were greatest in B, C, and L, which differed ( P < .05) from the J and S dams. Pelvic width measurements differed from the height dimensions and the ranking changed for all breeds except C. Shorthorn dams had the greatest width, which differed ( P < .05) from that of C, J, L, and B dams. Differences in pelvic areas were not significant ( P G .16), and this was caused by the changes in ranking for pelvic height and width among the breeds of dam, which resulted in pelvic areas of approximately the same size.
The residual correlations between pelvic area and preslaughter weight (. 5 0 and preslaughter hip height (.45; both P < .01) indicated that heavier dams with greater skeletal (frame) size had greater pelvic areas. This finding is in agreement with those reported by Bellows et al. (19711, Price and Wiltbank (19781, Thomson and Wiltbank (19831, and Bellows (1991) .
Least squares mean values for the external fetal data are summarized in Table 4 . Breed of dam differences approaching significance were noted for weight of intact fetus in air ( P = .09), head width ( P = .07), and heart girth ( P = .OB). Fetuses form C and S dams were the heaviest ( P < .05), and those from the S dams had the greatest head width ( P < .05). Fetal heart girth was greatest ( P < ,051 in fetuses from C dams. Sire differences ( P < .01) were noted for weight of intact fetus in air, fetal body length, and cannon circumference. A sire difference was also found in fetal crown-rump length ( P = .06). In all cases, fetuses sired by the H sire exceeded those sired by the M sire in all categories. The only trait showing a sex difference was fetal cannon circumference ( P = .07); cannon circumference was greatest in male fetuses. Specific gravity values of the intact fetus did not differ ( P > .lo).
Least squares means for internal fetal data and placental traits are summarized in Table 5 . Breed of F1 dam differences were found in weights of eviscerated fetuses in air ( P = .08), fetal heart weight ( P < .Ol), trimmed placental membrane weight ( P < . O l ) , placentome number ( P = .09), and average placentome weight ( P < .05). Weight of eviscerated fetus in air and fetal heart weight were greatest in fetuses from C dams ( P < .05) and lightest in those from J dams ( P < ,051. Trimmed placental membrane weight was greatest ( P < .05) in B dams, as was placentome number. Placentome number was lowest in J dams ( P < .05), but conceptuses from J dams had the greatest ( P < .05) average placentome weight. Brahman dams had the lowest average placentome weight and differed significantly from J and L. We also noted up to 200 small (1 to 3 mm diameter) "accessory" placentomes in the B dams. These were not included in the data for number or weight of placentomes or trimmed placental membrane.
Conceptus traits from the H sire were greatest for weight of eviscerated fetus in air ( P < .01) and water ( P < .05), heart weight ( P < .05), and trimmed placental membrane weight ( P < .01). Weight of placentome in air and in water of male fetuses (both P = .06) exceeded those of females. Specific gravity of the eviscerated fetus or placentomes did not differ ( P > . l o ) for any main effect. 
Interactions
One of the objectives of this study was to determine whether fetal genotype x maternal environment interactions affected fetal growth. Interactions of breed of F1 dam with sire or fetus sex are summarized in Table  6 . Fetal genotype x maternal environment interactions were found for weight of intact fetus in air ( P = .OS) and weight of eviscerated fetus in air ( P .05). These interactions were most striking in regard to the magnitude and direction of the sire effect in J and L dams. Differences due to sire were small in fetuses from the L maternal environment. However, in the J maternal environment, fetuses sired by the M sire were the lightest of all fetuses, but when the growth potential was increased by the H sire, fetuses in the J maternal environment ranked second only to those from the C dams. We interpret this finding as indicating that the maternal environment of the J dam allowed the fetus to express nearly its maximum growth potential, as evidenced by the similarity among fetuses from the C, J, and S dams. In relation to placental traits of the J dam, it is apparent that even with fewer placentomes, possibly because of their larger average size (Table 51, they were highly functional in metabolite exchange and the smaller number of placentomes did not impose a limiting factor on fetal growth.
The J dams showed a greater increase than other dams between the M and H sires in fetal body length ( P .06) and heart weight ( P < .01). The B dams ranked second to the J dams in increases from the M to H sires in weight of intact and eviscerated fetuses in air. These differences are interpreted to indicate that the B dam allowed the fetus to express its genetic growth potential but at a lower overall level, as evidenced by the B dams' having fetuses with weights and lengths that were less than those of fetuses from other dams. This difference was possibly due to a reduced blood flow to the uterus in the B dams (Ferrell, 19911 , but results of the present study suggest that this blood flow might be modified by the growth potential of the fetus.
The fetal genotype x maternal environment effects on fetal heart weights ( P < .01; Table 6 seemed to be one of differences in both magnitude and direction. The largest sire difference in heart weight was in the J dams, followed by S and B. Heart weights from fetuses sired by the H sire were lower than in M-sired fetuses in C and L dams. The biological significance of this observation is obscure.
The interaction of fetal genotype and maternal environment tended to affect ( P = .09) weight of trimmed placental membrane. This seemed to be a difference of magnitude; the sire difference was greatest in B dams, decreased to lowest in L dams, and was slightly reversed in S dams.
The only interaction found between maternal environment and fetal sex was for fetal cannon circumference ( P = .OS; Table 6 ). Differences were of both magnitude and direction. The greatest sire effect was found in J and S dams and a sire growth potential reversal was noted in fetuses from B dams.
Additional interactions are shown in Table 7 . The interactions between fetal sex and sire growth potential for weight of intact ( P = .09) and eviscerated fetuses in air ( P .05), fetal heart girth ( P .05), and cannon circumference ( P .O 1) were similar in structure. All were related to the magnitude of increase occurring from the M to H sire between the two sexes; the size response was greater in male than in female fetuses. Fetal cannon length ( P = .07) gave essentially the same data, except there was a slight decrease in cannon length between the sires for female fetuses, whereas there was a .4-cm increase in male fetuses, which is similar to differences found in this interaction effects on fetal heart girth. This same type of relationship was found in the total weight of the three largest placentomes ( P = .09). In female fetuses, the three largest placentomes from the H sire were lighter than those from the M sire, whereas the opposite was true in male fetuses.
Results of the hormone analyses are summarized in Table 8 . No significant differences were found in estradiol-17P for breed of F1 dam, sire growth potential, fetal sex, or day of sampling. Differences in progesterone concentrations were nonsignificant for all variables except day of sampling, for which an increase from 6.7 ng/mL on d 3 to 8.5 ng/mL on d 0 was found ( P .01). The change in progesterone may have been due to the increase reported to occur in late gestation (Anthony et al., 1986a) . However, the very rapid rise in progesterone found in this study may have resulted from stress due to obtaining the blood samples, as reported by Short et al. (1991) . This stress-related progesterone is presumed to be of adrenal origin. Serum testosterone levels differed for breed of F1 dam ( P < .05), sire ( P = .08), and fetal sex ( P < .01). Testosterone concentrations were highest ( P < .05) in B and L and lowest in J dams. Concentrations in J and S dams were significantly lower than those in B or L dams. The sire difference in testosterone levels showed higher concentrations in dams carrying fetuses sired by the H sire. All interactions among the main effects of breed of dam, sire, and calf sex were nonsignificant. A second set of analyses was conducted using weight of intact fetus or weight of total placentome as individual covariates (linear, quadratic, and cubic) and statistical significance of the main effects did not change. However, when weight of trimmed placental membrane was used as a covariate, the main effect of dam and sire became nonsignificant but the difference due to calf sex remained highly significant. The residual correlations between serum testosterone concentration and weights of intact fetus, total placentome, and trimmed placental membrane were .01, .17, and .39 ( P < .O 11, respectively. Based on the covariate analyses and the highly significant residual correlation (. 3 91, we interpret these results to suggest that the testosterone differences associated with breed of dam and sire growth potential were associated with the weight of the fetal membranes. This interpretation also agrees with values shown in Table 5 , which show highly significant breed of dam and sire growth potential differences in weight of trimmed placental membrane. An alternative hypothesis is that the higher testosterone concentrations in B and L dams might result from stress-induced adrenal release. Further research is needed.
The highly significant fetal-sex effect on peripheral testosterone of the dam in both the adjusted and unadjusted data, indicates that testosterone associated with a male fetus is detectable in the dam. The source was not identified in the present study, but the fetal testes are a logical source (George and Wilson, 1988) .
This finding extends the suggestion by Pflantz et al. (1981) and indicates that the dam with a male fetus in utero is potentially subject to prolonged influence of testosterone during gestation. found important effects of calf sex on incidence and severity of dystocia; these problems were much higher in parturitions with male calves. The significant sex effect was independent of birth weight, dam weight, and pelvic area. Patterson et al. (1987) and others have shown a significantly higher incidence of perinatal death loss and incidence of retained fetal membranes in parturitions involving male calves. We speculate that this "male sex effect" on dystocia, calf death, and retained fetal membranes may be related to this prepartum exposure of the dam to testosterone. Further work in this area is warranted.
General Discussion
Results of this study illustrate key factors that can affect fetal size at 231 d of gestation and, potentially, subsequent birth weight. As others have shown, breed of dam, growth potential of the sire, and fetal sex all affected these end points. However, the effects of the breed of dam x sire growth potential interaction add a new dimension. The breed of dam differences are made up of both the genetic contribution for growth and the maternal uterine environment during gestation. This study confirms the previous work showing that Brahman dams can suppress fetal growth potential, resulting in lighter fetuses. This report clearly shows this effect occurring in dams of 50% Brahman breeding. It becomes of interest to determine what percentage of Brahman breeding is required to obtain this suppressing effect, because this could be used in breeding schemes as a method to reduce birth weight and dystocia incidence. The finding that the Jersey maternal environment seems to allow the fetus to express its maximum growth potential is of further interest and even suggests that this maternal environment tends to complement the fetal growth potential.
The differences reported in this study were among breeds of F1 dams. We speculate that there could logically be the same types of differences within breed, which would contribute to wide ranges in birth weights in calves produced by a single sire. These differences could have significant effects on the accuracy of birth weight predictions in individual dams by estimated average weights or by EPD values and could explain variation noted in birth weights in calves from the same sires, both within and between herds.
The finding of differences in gestation peripheral testosterone concentrations tracing to breed of dam, growth potential of the sire, and sex of calf are of major interest. Further work must be conducted.
Implications
Variations in calf birth weight and dystocia have created problems in prediction of dystocia in individual dams. Results of this study indicate that this variation may be due in part to dam genetic and maternal environment effects and interactions; some dams apparently are capable of suppressing and others of complementing the fetal growth potential. The finding of differences in peripheral testosterone levels of the dam opens new areas of investigation in the quest to develop methodology to predict and control dystocia in individual dams.
